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Lee M. Krug and Bradford C. Berk Vascular smooth muscle cell hypertrophy is a normal compensatory state that may play a pathogenic role in hypertension. Angiotensin II stimulates a hypertrophic response in cultured vascular smooth muscle cells. As part of the growth response, angiotensin II rapidly activates the Na + -H + exchanger, increasing Na + influx. Because Na + ,K + -ATPase is the major cellular mechanism for regulating intracellular Na + , we studied the effects of angiotensin Il-induced hypertrophy on Na + ,K + -ATPase expression and activity. Angiotensin II caused rapid increases in both steady-state Na -ATPase cr-1 messenger RNA levels. Thus, angiotensin II hypertrophy was associated with rapid Increases in Na + ,K + -ATPase activity due to increased Na + entry and sustained increases due to a specific increase in Na + ,K + -ATPase expression. These data demonstrate dynamic regulation of Na + ,K + -ATPase at the functional and molecular level and suggest that similar compensatory mechanisms should be present in vivo. Alterations in such compensatory pathways may be fundamental to the pathogenesis of hypertension. process in which the cell does not divide, but increases its size and protein content. In the cardiovascular system, myocytes hypertrophy in response to increased work load and pressure. 1 The pathophysiological role of this adaptive response is suggested by the genetic model of hypertension seen in the spontaneously hypertensive rat (SHR). In these animals, hypertension is associated with a sustained hypertrophic increase in vascular smooth muscle cell (VSMC) mass. 2 Recent data have shown that hypertrophied VSMC from hypertensive rats maintain a higher intracellular calcium concentration 3 than do nonhypertensive cells. Because abnormalities in intracellular Na + concentration ([Na + ]|) are also thought to be an important feature of hypertensive VSMC, we have chosen to study the effects of VSMC hypertrophy in vitro on [Na + ]| and Na + regulatory pathways.
In cultured rat aortic smooth muscle cells, the vasoconstrictor angiotensin II (Ang II) has been shown to induce a "hypertrophic" growth response, 4 -5 as denned by increases in cell size and protein synthesis without change in cell number or DNA synthesis. The hypertrophic response induced by Ang II shares many of the same early signaling mechanisms that are induced by mitogens during proliferation. 6 Ang II rapidly and transiently stimulates phospholipase C, generating inositol trisphosphate and diacylglycerol. Inositol trisphosphate releases calcium stores, and the resulting increase in intracellular Ca 2+ initiates events leading to cell contraction. Increased diacylgfycerol formation and activation of protein kinase C ultimately stimulate Na + -H + exchange, resulting in intracellular alkalinization. The increased Na + entry mediated by Na + -H + exchange has been shown to cause a rapid increase in ouabain-sensitive Na + ,K + -ATPase activity in cultured rat aortic VSMC. 7 Other Na + transporters activated by Ang II include Na + -Ca 2+ exchange 8 and Na + -K + -2C1 cotransport. 9 Thus, the Ang II-mediated hypertrophic growth response is associated with stimulation of many Na + transport pathways.
Ang II hypertrophy is associated with a 45% increase in cell volume. 4 This suggests that, as in renal hypertrophy, there should be long-term alterations in Na + regulatory mechanisms such as Na + ,K + -ATPase, Na + -H + exchange, and Na + -K + -2Q cotransport. In the present study we proposed that the increased Na + influx induced in Ang II-hypertrophied VSMC 10 should necessitate a compensatory increase in Na + efflux mechanisms. Specifically, because alterations in Na + ,K + -ATPase abundance have been related to intracellular ion concentration, 11 we studied the relation in Ang H-treated cells between changes in [Na + ], and Na + ,K + -ATPase expression and transport function.
Indianapolis, Ind.) by enzymatic dissociation. 12 Cells were passaged weekly and used between passages 8 and 20. For experiments, cells were plated in Costar 6-, 12-, or 24-well cluster dishes at 2X10 4 to lxlO 5 cells/ml in Dulbecco's modified Eagle's medium containing 10% heat-inactivated calf serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 fig/ml streptomycin. Cells were grown to 85% confluence and then growth arrested for 48 hours in 0.4% calf serum (mitotic index less than 10% over 24 hours). To achieve hypertrophy, cells were treated with 100 nM Ang II in 0.4% calf serum for 24 hours.
Measurement of Protein Content and Protein Synthesis
Protein content was measured using a modified Lowry procedure that allows the assay to be performed in the culture dish. Total RNA was isolated using the guanidinium isothiocyanate/cesium chloride gradient procedure. 16 Total RNA (15 /xg) was size fractionated by electrophoresis on 1% agarose gels in 200 mM MOPS, pH 7.4, 1 mM EDTA, and 3% formaldehyde. Transfer to Nytran membranes and hybridization was as described. 17 Filters were hybridized with a [^dCTP-labeled Na + ,K + -ATPase a-1 subunit-specific complementary DNA (cDNA) probe, prepared by the random oligomer priming method and kindly provided by Dr. Russell Medford. Hybridization was performed in 5x SSC ( l x , 0.15 M NaCl, 0.015 M sodium citrate), 50% formamide, 2x Denhardt's solution, 0.025 M sodium phosphate, and 250 Mg/ml salmon sperm DNA at 42°C for 12-24 hours. Final high stringency washes were with 0.2 x SSC and 0.1% sodium dodecyl sulfate at 65°C for 30 minutes. Filters were exposed to Kodak XAR-5 film (Rochester, N.Y.) for various times (5-24 hours, -70°C) with two intensifying screens to obtain exposures in the linear range of the film. As a control, all filters were also hybridized with gh/ceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. GAPDH is constitutively expressed in VSMC. Quantitative densitometry of the autoradiograms was performed using a La Cie (Tupelo, Ore.) laser densitometer with IMAGE 1.3 software (National Institutes of Health, Bethesda, Md.).
Measurements of Intracellular Ion Concentrations
To measure Na + and K + content, cells were washed four times in ice-cold 100 mM MgCl 2 , dried in 100% ethanol, solubilized in 5 mM CsCl, and analyzed by atomic absorption spectrometry. To measure cell volume, cells were first washed three times with Tris buffered saline (mM: NaCl 130, KC15, CaCl 2 1.5, MgCl 2 1.0, HEPES 20, pH 7.4) containing 1 mg/ml bovine serum albumin but no glucose. Next, cells were incubated for 20 minutes at 37°C in the same solution containing 1 mM unlabeled 3-O-methyl-D-glucose and 2 /iCi/ml [ 3 H]O-methyl-D-glucose. 18 The dishes were washed three times with ice-cold 100 mM MgCl 2 , the proteins precipitated in 95% ethanol for 30 minutes at 4°C, and the samples (three per time point) counted by liquid scintillation spectrometry. [Na + ]j was determined as Na + content divided by cell volume.
Statistics
For individual experiments, comparisons were performed using an unpaired Student's t test with a significant difference being p<0.05. For group comparisons among several experiments, a one-way analysis of variance using Fisher coefficients was performed.
Results
Effect of Angiotensin II on Protein Content and Protein Synthesis
Ang II induced a hypertrophic response, defined by increases in protein content and protein synthesis without change in cell number. VSMC treated with 100 nM Ang II for 24 hours showed a 41±6.1% (p<0.05) increase in protein content relative to cells maintained in 0.4% calf serum (n=8). This compared with a 63 ±9.5% (n=2) increase in response to 10% calf serum. Ang II stimulated protein synthesis as demonstrated by a significant increase of 82±17% (n=4) in [ 3 H]leucine incorporation, compared with an increase of 151 ±12% (n=4) by 10% calf serum. The increases in protein content and protein synthesis after treatment with Ang II were comparable to those observed previously. 4 In these cultured adult rat VSMC, Ang II has no effect on the rates of protein degradation or cell division. To prove that this mechanism was present in these cultured VSMC, ouabain-sensitive ^Rb influx was measured in the presence or absence of amiloride. As shown in Figure 1 , M Rb uptake was linear for 10 minutes for both control and Ang II-treated cells. Ang II (100 nM) 4000 £ 3000. rapidly increased both total uptake (58%) and ouabainsensitive "Rb uptake (64%). More than 90% of this increase was inhibited with 30 uM ethylisopropylamiloride, indicating a predominant role for the Na + -H + exchanger (data not shown). The effect of Ang II on Na + ,K + -ATPase activity was next examined over the duration of the hypertrophic response. The time course for Ang II effects on ouabain-sensitive ^Rb uptake ( Figure 2) showed a significant increase in Na + ,K + -ATPase activity after 24 hours of exposure to Ang II. Ang II rapidly increased Na + ,K + -ATPase activity when added initially, as shown in so. To determine whether the Ang II-stimulated increase in Na + ,K + -ATPase activity was part of a generalized increase in protein content, total and ouabain-sensitive M Rb uptake were normalized for cell protein. As shown in Figure 3 (left panels), 24-hour treatment with Ang II increased total ^Rb uptake (nmol "Rb/min) by 59±19% and increased ouabain-sensitive ''Rb uptake (nmol ^Rb/min) by 41 ±16%. Because Ang II did not increase cell number, 4 these findings indicate that Ang II stimulated VSMC Na + ,K + -ATPase activity on a per cell basis. However, as shown in Figure 3 (right panels), there was no effect of Ang II on total or ouabainsensitive M Rb uptake when normalized to protein (nmol w Rb/min/mg protein). These data demonstrate that the increase in steady-state Na + ,K + -ATPase activity in the Ang II-treated cells was proportional to the increase in protein content.
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Steady To gain insight into the mechanisms for Ang IIinduced increases in Na + ,K + -ATPase capacity, messenger RNA (mRNA) levels for the a-1 subunit of Na + ,K + -ATPase were determined. Northern blot analysis showed that Na + ,K + -ATPase a-1 mRNA levels increased at 24 hours in a dose-dependent manner. The maximal increase (3.8±0.3-fold) occurred in response to 10 nM Ang II (Figure 4) . The increase in response to 10 nM Ang II was significantly larger than the increase in GAPDH (1.6±0.2-fold, p<0.05, n=3) observed in these experiments. The time course for induction of the a-1 subunit by Ang II (100 nM) revealed a peak increase (3.7 ±0.5-fold) at 6-8 hours, which was sustained (3.5±1.8-fold) at 24 hours ( Figure 5 ). In comparison, GAPDH showed a steady progressive increase over 24 hours. Thus, although both Na + ,K + -ATPase a-1 mRNA and GAPDH mRNA increased in response to Ang II, their time courses differed. 013, n=9 ). This increase was sustained and was maximal at 24 hours, increasing to 24.6 ± 0.4 x 10" u mol/cell. Ang II initially decreased cell volume after 4 hours from 4.1±0.2 pl/cell to 3.6±0.1 pl/cell, p=0.04, consistent with a change in cell shape. 21 This was followed by a gradual increase until the volume of Ang Figure 6C . Treatment with Ang II raised [Na + ], by 36±13% after 4 hours (from 4.4±0.2 to 6.0±0.7 pl/cell, p<0.05). This increase was due to both a significant decrease in cell volume and a significant increase in Na + content. Over 24 hours, however, [Na + ] ( recovered to the same concentration as the control despite a sustained increase in Na + content. Discussion The purpose of this study was to determine the effect of Ang II-induced hypertrophy on VSMC Na + ,K + -ATPase function and expression. The results obtained for ouabain-sensitive "*Rb uptake and Na + ,K + -ATPase a-1 subunit mRNA expression lead to three conclusions concerning Na + ,K + -ATPase activity in Ang H-hypertrophied VSMC. First, Ang II stimulated Na + ,K + -ATPase activity directly at early time points. As shown in Figures 1 and 2 , Ang II specifically increased M Rb uptake by Na + ,K + -ATPase in the first 4 hours of treatment. This increase in Na + ,K + -ATPase activity appeared to be due to increased Na + influx, which was primarily mediated by the Na + -H + exchanger. 7 ' 22 Brock et al 7 previously have demonstrated a similar increase in Na + entry and Na + ,K + -ATPase activity during the first 20 minutes of Ang II stimulation. Previous studies suggest that an increase in Na + influx may be required for Ang II hypertrophy. Inhibition of Na + influx by amiloride derivatives completely blocked VSMC growth, 23 and Ang II-stimulated increases in [ 3 H]leucine incorporation were inhibited when extracellular Na + was lowered, even to 30 mM. 4 Second, Ang II also increased steady-state Na + ,K + -ATPase activity on a per cell basis at later time points (24 hours) when hypertrophy was manifest (Figure 3) . Because Ang II increased cell size and protein content but not cell number, the increase in M Rb uptake was likely due to increased Na + ,K + -ATPase activity per cell. However, when the increase in K Rb uptake was corrected for protein content (Figure 3) within 6 hours of Ang II treatment and maintained a fourfold increase after 24 hours. The time course for a-1 mRNA accumulation differed from that of the glycolytic enzyme GAPDH (peak for a-1 at 6-8 hours versus peak for GAPDH at 24 hours). This suggests that the increase in Na + ,K + -ATPase was not merely a generalized response to hypertrophy. 28 studied time-dependent changes in steadystate levels of several mRNAs including proto-oncogenes (c-fos and c-myc), structural proteins (actin), and transport proteins (Na + ,K + -ATPase) in renal cells induced to hypertrophy (unilateral nephrectomy) and compared them with cells induced to proliferate (folic acid treatment). They found that hyperplasia was associated with an earfy increase in mRNA expression of all genes studied, whereas the hypertrophied cells showed a gradual accumulation of mRNAs that Norman et al 28 termed "sustained message amplification." Specifically, Na + ,K + -ATPase a-l and B subunit mRNAs gradually increased up to 24 hours after treatment in the hypertrophy model. In the desoxycorticosterone acetate (DOCA)-salt uninephrectomy model of hypertension that results in VSMC hypertrophy, alterations in Na + ,K + -ATPase gene expression have also been observed. Herrera et al 29 demonstrated twofold to threefold increases in Na + ,K + -ATPase a-l mRNA in aortic, cardiac left ventricular, and skeletal muscle tissue 2 weeks after nephrectomy. Thus, increases in a-l mRNA in VSMC appear to be a common feature of hypertrophy.
Regulatory Mechanisms for
The importance of the present study is twofold. First 33 or other Na + homeostatic mechanisms are impaired. Finally, recent studies show that VSMC may express a truncated Na + ,K + -ATPase a-l subunit isoform generated by alternative RNA processing. 34 This finding suggests that complex alterations in different a-l subunit abundance and their interaction with the B subunit may be important in determining VSMC Na + transport.
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